Abstract Radiation dose and the associated risk to the breast are being studied in much detail with the aim of justifying breast cancer screening. The mean glandular dose has been proposed as the proper quantity to describe risks incurred by radiation. X. Wu (US) and D. Dance (UK) were the first authors to standardize breast dosimetry and their conversion tables have been used throughout. Doses can be calculated for specific population samples or for individual patients, in which case an accurate estimate of the glandular tissue fraction should be known. From specific DICOM tags in the digital images and access to tube output measurements from the medical physics QA, patient dose assessment can be largely automated. Other (traditional) approaches mimic clinical exposures on a Perspex phantom and use these exposures to estimate the breast dose to a typical breast. Any local data, both patient dose data and doses to Perspex, can these days be compared to an extensive amount of published dose values. Radiation dose and image quality should both be considered in screening applications. Better image quality can have a significant effect on diagnostic performance. As only a small increase in performance (ex. detected fraction) gained can mean an enormous amount of women saved, image quality settings should be optimized and not minimized. Risk benefit investigation should therefore focus on performance rather than dose. For a few screening programs, the benefits could be proven. Emerging technologies should be investigated along the same basic principles.
Introduction
'Any proposed activity that may cause radiation exposure to persons should yield a sufficient benefit to society to justify the risks incurred by the radiation exposure.' This statement, known as the ALARA principle, is particularly valid in breast cancer screening. On that occasion, a specific portion of the population is invited for an X-ray examination. None of these women is a priori symptomatic for breast cancer.
Justification of X-ray mammography for screening applications examines the balance between the detriment induced by the examination and the benefit to the population. The first factor is based upon the dose to the breast and its associated risk. The second factor addresses the benefits of the screening program. A good indicator of benefit is the number of lives saved by the screening program, which takes into account the reduction in mortality that results from detecting cancer at an early stage when the prognosis is much better, the available treatment options and their success rate. An ultimate proof for the benefit of screening programs has to be found in downward trends of mortality. Often cancer detection rates and even more specifically small cancer detection ratios are used as a first parameter.
The risk and benefit of screening are under constant scrutiny [1 •• ]. Today there are also worldwide debates triggered by cost-economic considerations. The debates are at international conferences as well as in a number of review papers. All of them take part in the decision processes regarding the roll-out and eventual practicalities of screening programs. Indeed, there are a number of decisions to be made, including the age range of invited women, the modality of screening, the number of views, the organization of second reading, the differentiation of women in terms of individual risk factors, etc.
Radiation protection sciences often express radiation detriment via the effective dose concept. This quantity multiplies the absorbed doses in different organs by an organ specific weighting factor. The weighting factor for the breast has been 0.05 in the International Commission on Radiological Protection (ICRP) report 62 and changed to 0.12 in the ICRP 103 report [2] . Effective dose has however limitations in the assessment of the risks from breast cancer screening, as the weighting factors represent an average value over men and women, over all ages or over the age of the 'working population'. The same ICRP documents as well as the reports of the Biological Effects of Ionizing Radiation of the National Academy of Sciences (BEIR VII) list age related detriments following absorbed doses to the breast and this approach is preferred.
Selected groups have addressed the risks and benefits associated with screening activities. Already in 1989, the Institute of Physical Sciences in Medicine (IPSM) recognized that the risks would be small but it is important that it be minimised, and an assessment of the dose to the breast should be included in any mammographic quality assurance programme [3] . Most of the radiation risk studies investigate at first the absorbed dose to the breast and estimate from there a number of radiation-induced cancers, with latency periods usually assumed to be at least ten years [3] . Given this long period, the fact that induced cancers cannot be distinguished from other cancers and the low numbers of induced cancers make their direct quantification today impossible.
In a review document in 2003 on radiation risk in breast screening [4 • ], the National Health Service Breast Screening Programme (NHSBSP) used radiation detriment induced risk factors as published by the Health Protection Agency (HPA), formerly the National Radiological Protection Board (NRPB). This allowed age specific risk assessment. The following conclusions were reached for the screening procedures in the UK, assuming a dose per breast of 4.5 mGy for a 2 view acquisition:
• the risk of a radiation-induced cancer for a woman attending mammographic screening (two views) by the NHSBSP is about 1 in 20,000 per visit
• it is estimated that about 170 cancers are detected by the NHSBSP for every cancer induced
• the mortality benefit of screening exceeds the radiationinduced detriment by about 100:1
• for the very small proportion of women who receive the highest radiation doses, the benefit will exceed the risk by about 20:1.
In 2010, Hendrick [1 •• ] based their analysis upon the sex and 'age at exposure' specific risk factors as found in BEIR VII. The age specific risk factors allowed risk assessment for specific screening settings, such as 'younger women', elder women, yearly and 2 yearly programs. Their results are favorable for actual breast cancer screening programs: the life attributable risk of radiation induced breast cancer is estimated to be 31 per 100,000 women screened with an absorbed dose to the breast of 3.7 mGy and mortality of 10 per 100,000 women screened in an annual screening regime. Yaffe and Mainprize [5 • • ] concluded in another study that for screening programs that begin at age 40 years, the risk of radiation-induced cancer is small compared with the expected mortality reduction achievable through screening. The risk of radiation-induced breast cancer should not be a deterrent from mammographic screening of women over the age of 40 years. They used an absolute risk model instead of a relative risk model. Their conclusions hold even when taking the uncertainties on risk factors into account. To test this, they reduced the latency to 0 years, and considered the survival rates to be those of an unscreened population. Some authors focus specifically on the younger women, with ages in the range 40-50 years [6] .
It is clear from a review of current literature that the mean glandular dose acts as a scaling factor in the risk benefit analysis of the breast cancer screening programs. This underlines the role of breast dose assessment.
Recent Evolutions in Breast Cancer Imaging and its Dosimetry
Breast imaging is going through an exciting period with many new modalities or techniques brought onto the market. Today, there is a rapid transition from film-screen mammography to digital mammography. Different digital technologies can be considered, including computed radiography (CR) for mammographic applications with powder or needle based photostimulable phosphor plates, and direct radiology (DR) using properties of scintillation, amorphous selenium or photon counting. The dose levels at which these systems are operated should be adopted to the image quality that can be obtained with these systems as the performance is different among the different systems [7, 8 • 
With regard to emerging new candidate modalities for breast cancer screening, we can distinguish between technologies providing 3D information (e.g.,: breast tomosynthesis and breast CT), perfusion related parameters (e.g.,: dual energy subtraction methods), spectral data without contrast agents (e.g.,: using photon counting detectors), and other physics parameters (e.g.,: phase contrast imaging).
Their eventual widespread application (in screening) requires a specific or generic justification first. As far as we know today, the same components will define this process: dose to the breast (risk) and effects on mortality reduction (benefit). Their advantages may come from better cancer detection or from other indicators such as better positive predictive value for differentiation between benign and malignant lesions and less required add-on modalities. Advantages could also come from a more cost effective approach when recall rates are reduced or more expensive procedures can be avoided. A rapid introduction of justified emerging techniques may lead to a more pronounced impact of screening activities on breast cancer mortality.
The doses to the breast are linked to the X-ray modality and how it is being used. Thierry-Chef et al. [10] started their dose review study in 1960 and described a surprisingly large spread in doses of a factor of 100 on the early X-ray mammography systems, compared to about 5 these days. Huda et al. [11] reported the absorbed doses to the breast during screening in the time period 1978-1988. In the late 1980s, the AGD due to xeroradiography for a craniocaudal view was 3.3 mGy, a factor of 2.4 greater than the corresponding dose associated with dedicated screen-film units. Young et al. [12 • ] found that a typical woman in the UK got a dose of 4.5 mGy for a 2 view filmscreen exam in 2001-2002. Today, the NHS publishes comparative dose studies for both film-screen and all digital modalities on their website (http://www.cancerscreening.nhs.uk/breastscreen/publications/ mammography-equipment.html). A complicating factor with digital mammography is that systems can be used with a wide range of dose settings: with film-screen mammography, the optical density largely fixed the detector air kerma. In digital imaging, this condition does not apply anymore. In practice, three groups of people decide about the dose: the radiologist as they are responsible for quality in general, the manufacturer who proposes default/operational settings and the medical physics expert who has to optimize X-ray exposure settings and approves the settings being used. In 2007, Svahn et al. [13] calculated the number of deaths prevented as a result of screening mammography for the Malmö region, and the estimated overall effects following a dose reduction of 50 %. The study supports the benefit from dose reduction possibly achievable with new digital equipment. They estimate the number of prevented deaths as 200 per 100,000 women screened annually in the age group 40-49 years. The number of fewer breast cancer mortalities due to a dose reduction of 50 % is expected to be 5.2 (using the NRPB model).
At the introduction of a new technique, absorbed doses are often communicated, sometimes in relation to other modalities like classical 2 view mammography. Boone, at the introduction of breast-CT, said that a simple scan would result in the same dose as 2 view mammography [14] . Kalender et al. [15] announced a mean glandular dose for breast CT of 3 mGy.
Contrast enhanced mammography using a high energy and low energy acquisition involves more than 1 standard planar exposure, yet companies try to stay with the dose equivalent to a standard planar X-ray exposure. Schmitzberger et al. [16] calculated an absorbed dose of only 3 9 0.42 mGy using the sectra microdose system, or 1.26 mGy per breast in total. Dual energy digital breast tomosynthesis has been shown to be feasible too [17] .
For all the above reasons, breast dosimetry remains a topic of current interest. Dose surveys are more mandatory now than in the film-screen period due to wider exposure ranges that can be selected. It is also important to achieve an international consensus on how to calculate breast dose for the newest modalities and to investigate how the doses of these new modalities compare with current techniques.
Mean Glandular Dose
X-ray mammography uses an X-ray beam approximately perpendicular to the compressed breast. The X-ray energy is selected by the user or is fully automatically determined by the automatic exposure device of the modality. The same device also regulates the quantity of delivered X-rays. The incident radiation beam determines the dose to the breast. For X-ray dosimetry purposes, the glandular tissue is of importance as X-ray induced malignant processes are thought to originate in the gland only. The glandular tissue is a part of the breast, with a total amount and spatial distribution of the tissue that is quite variable among women. Accurate dosimetry would require detailed information on both aspects. Whereas the total amount of glandular tissue and its distribution in an X-ray projection image can be quantified these days from mammograms and has shown to be very different from a mixture with 50 % adipose and 50 % glandular tissue [18 •• ] , the distribution along the third dimension remains unknown with current planar projection imaging techniques.
Notwithstanding the intrinsic uncertainty on the glandular distribution, the mean dose to the glandular tissue (MGD) has been proposed as the determining factor for detriment calculations. Conversion factors have been proposed to relate incident radiation to the MGD. They are based upon models of the breast, and more in particular, the shape of the breast, the thickness of the compressed breast and the amount and distribution of the glandular tissue. Given the influence of the fraction of glandular tissue on the dose to the gland, population averaged values of glandular fraction have been obtained in the UK for screened women in the age range 50-64 years, and also for the so-called young women, with ages between 40 and 50 years. A result is shown in Fig. 1 [25] .
Individualized patient dosimetry requires a patient specific density assessment. Radiologists can be asked to score the glandularity of the mammograms, via a categorization into typically four categories, based upon Wolfe's parenchymal pattern and percentage of the breast proposal. This approach is known to be highly subjective. Objective, quantitative methods to determine the glandular fraction can be summarized as follows: test slabs simulating different glandular tissue fractions are irradiated for set amounts of radiation output (fixed tube load in terms of mAs) and beam quality and the resulting pixel values are registered. Parametric equations relating pixel values in the image and glandularity are then derived and can be adjusted towards any tube load setting. The inverted equation (or similar approaches) can in theory be applied to all pixel values in an image for any tube load to retrieve the glandular fraction in every point [26] . A similar method had been established before also for film screen systems [27] . The GE Digital mammography systems calculate an average glandular fraction in a region of the image and note the value in a DICOM tag. An analysis from a very large and international data sample showed the distribution of this glandular fraction as a function of the breast thicknesses [28] . The curve relating glandularity and compressed thickness, as obtained earlier for the UK [25] , is confirmed in this analysis (Fig. 2) . The study showed also differences between the US, Europe and Asia. Recently, Kotre could derive a link between glandularity and cancer detection in a cohort of women [29 •• ] .
Patient Dose Surveys in Mammography
In comparison to other organ dose applications in radiology, breast dosimetry is well established. With a limited set of input parameters, the mean glandular dose can be calculated. The most traditional approaches use the conversion factors of Wu et al. or Dance et al. Most of the input parameters are available in the mammograms: the anode/ filter combination, the tube load (mAs) and the compressed breast thickness. Parameters such as the half value layer and the tube output are available in the test reports of the medical physicist. A dose analysis can be further differentiated towards the mammographic view, the use of large or small compression paddles and magnification views. Fig. 1 Estimates of average breast composition for different compressed breast thickness in Guildford (open circles) and the Northern Region (full circles), for women in the age range 50-64 years. From [25] , with permission Fig. 2 Compressed breast thickness as a function of breast density calculated for a large patient sample; images acquired on systems of GE Healthcare (Buc, France) and peak breast density retrieved from the DICOM header of the images (lines: Data from Dance et al. [25] , full line 50-64 years, dotted line 40-49 years). From [28] , courtesy of the IAEA The glandular fractions of individual women can be used or population averaged values can be applied, which is the more common approach. Most scientists restrict themselves to 2 view mammography, they do not differentiate between the cranio caudal views versus the oblique views and they use the averaged glandular fractions of the UK screening population (Fig. 1) . With all input parameters available, mean breast dose is obtained from selected searches in tables and multiplication of a series of factors.
Already in 2001, Rosenberg et al. [30] described how to automate data collection and analysis. In digital imaging, this process can be automated if the mammogram specific parameters are available in the DICOM header. Chevalier et al. applied this approach for a large patient dose survey on their digital mammography system [31 •• ] and were the first to publish data of a large data sample imaged on a single system. Such a technique can be applied on most DR systems but is often not possible for CR as the required DICOM header information is usually not available. The best dose survey is continuous and on-line.
In Fig. 3 , we show the results of a typical patient sample imaged with a digital mammography system and with breast tomosynthesis (both modalities from Siemens NV, Germany) [32] . The large sample is summarized in a curve that shows average doses as a function of compressed breast thickness. Data acquisition and dosimetry were automated (own data; software by qaelum NV, Belgium). Achievable and acceptable levels, that are technical measures, are plotted on top of the patient data.
Predicting Patient Dose from the Standard Breast Phantom
Phantom measurements may be more accessible than patient dose data. This is especially the case if the phantom acquisition can be incorporated in the test protocol of the medical physics expert. Hence, one of the objectives of the medical physics test is to ensure the safe use of the equipment and predicting patient dose, or at least be able to verify whether a system would generate an acceptable dose under standard conditions. In mammography, there is a long tradition with the use of such test objects. In the UK, a PMMA phantom of 4 cm thickness has been proposed as representative for breasts with glandularity of 50 % and a compressed breast thickness of 4.5 cm [33 [34] have recently re-evaluated the equivalence between Perspex blocks and compressed breast thickness for a large range of beam quality selections. Next to the use of computer simulations, the breast equivalent PMMA thickness can also follow from practical measurements that find the PMMA thickness that induces the same automatic exposure values as a group of patients with a typical breast thickness. This study was recently performed for the Taiwanese population [35] .
The PMMA blocks are simple test objects, they are inexpensive and the risk for errors is minimal. It is important though to apply a typical compression force and to use the routine clinical protocol. Faulkner et al. [33 •• ] showed a correlation between breast dose and dose to PMMA blocks, justifying the use of the test block. In that period, film-screen and mainly Molybdenum/Molybdenum anode/filter combinations were used with a tube voltage of 28 kV. If results have to be compared between centers and if the test block acts as an alternative for patient dosimetry, it is important to verify the thickness of the test blocks. In quality assurance (QA) protocols, limiting values on dose to such phantoms have been tabulated. In [36] , it was shown that centres violating the dose limits on test blocks would also have high patient doses. It is important at this point to stress that dose limits to PMMA blocks should not be used to stop exposures to individual patients. In patients with dense breasts, the mean glandular dose can eventually be higher than routinely applied dose limits for the standard test block.
Diagnostic Reference Levels in Mammography and Large Scale Dose Data Samples
Patient dose surveys are considered an important tool in the optimization of X-ray imaging and of help in avoiding unnecessarily high doses to the patient. The EC published Guidelines on the collection of 'diagnostic reference levels' (DRLs) in 1999 [37] . They defined 'DRLs' as 'dose levels in medical diagnostic practices for typical examinations for groups of standard-sized patients or standard phantoms for broadly defined types of equipment. These levels are expected not to be exceeded for standard procedures when good and normal practice regarding diagnostic and technical performance is applied'. Once DRLs are available, new patient dose surveys can be compared to this reference. Especially if a large variation of dose is seen in a country, it may be advisable to start the investigation of a national DRL. This was the case at the introduction of digital mammography in Greece [38 • ].
The EC document states that for mammography, a standard phantom should be used. The use of phantoms as an alternative to patient dose surveys was in the nineties routine practice in the UK [33 •• ] . This approach was later completed with large scale patient dose studies [12 • ]. Many countries have studied their patient doses too now, and established local DRLs [36, [39] [40] [41] [42] . This happened especially in the frame of screening programmes. Other member states started from the European DRL of 10 mGy incident exposure.
Geeraert et al. [28] collected patient exposure data as available in a worldwide set of digital mammography systems and calculated dose distribution for Europe, the US and Asia. The results are summarized in Table 1 .
The American breasts are largest and the Asian breasts are densest. Mean doses were for Europe, the US and Asia: 1.48, 1.42 and 1.42 mGy. This way of patient dose data supervision is unique: it underlines the fact that patient dosimetry can be automated if proper dose related data are saved with the images or saved in particular files in the system. Most digital systems indeed estimate MGD and store this information also in the DICOM header. McCullagh et al. [39] showed in an Irish study that system calculated MGD and offline calculated values can be reasonably close. It is recommendable that system available values are verified prior to their use. Informaticians can provide us with the tools to retrieve all the input data for subsequent organ dose calculations in an independent way. On-line dosimetry in digital (DR) mammography, showing how the dose of a patient relates to the dose distribution of a particular system, can become common practice too: all input for eventual software applications are available in the images. A more complete picture of the radiation induced detriment in breast cancer screening programmes evaluates the number of mammograms that women get during the whole programme and the mean number of add-on X-ray imaging along with its MGDs. Faulkner et al. [34 •• ] found the contribution of the MGD due to the mammograms to be dominant.
The Often Forgotten Dose Related Factor: Diagnostic Image Quality
Medical exposures are different from other sources of manmade radiation: it is assumed that the use of X-rays improves the quality of life in the population. Justification of breast cancer screening evaluates the ultimate benefit of these exposures and is one of the best studied ALARA questions in medicine. Some screening programmes could prove that a mortality reduction can be obtained. This is so far only proven for film-screen systems and it is assumed that digital modalities would obtain the same mortality reduction if diagnostic performance is not worse. Numerous studies have, therefore, compared image quality figures of filmscreen and the newer digital mammography systems.
It is a challenge to compare diagnostic performance between different modalities. Two scientific problems have to be solved: (1) what is a clinically relevant performance test for a given modality, and (2) how to compare between modalities.
One approach focuses on the most critical aspects of performance. An example is the detectability of small clusters of microcalcifications. As detectability is related with the contrast generated between the object to be detected and the background tissue, Figure of A second approach to quantify the quality in mammography uses 'mathematical observers'. Results of such an investigation are detectability indexes d'. Different degrees of sophistication are possible: mathematical objects versus irregular shapes, homogenous backgrounds versus clustered lumpy backgrounds and even patient images, the choice of eye filter, etc. In selected studies, a correlation between the results of mathematical observers and the more simple contrast detail data could be shown [51] . Detectability d' can be used across systems.
Emerging mammography systems are being tested with similar strategies [52] [53] [54] [55] . Another approach aims to include the complete imaging chain into the analysis [56] .
The studies mentioned above are usually performed on raw data. They study the intrinsic contrast generated by selected objects that are representative for small high contrast objects or larger low contrast tumoral masses. The unique properties of digital imaging via software applications remained untested. In the film-screen era, the shape of the sensitometric curve was very well investigated as items such as a high gradient were known to enhance the visibility of some mammographic features. Software applications may have a similar effect. Their full capacity can only be tested on mammograms. This is an argument in favor of clinical trials. There are however also faster and less expensive approaches by using simulation. The complete imaging system could be simulated, from the X-ray tube and beam quality selection, a computer model of the breast with particular details of interest, the simulation of X-ray absorption by the detector followed by image processing and observer performance of the simulated details. This approach is known as the 'virtual clinical trial'. This has not yet been fully worked out. Partial experiments can be considered as preparatory steps for the larger aim of the complete simulation. Partial simulation can start from the raw data of real anatomical backgrounds and simulate details into these raw data. These hybrid images can then be processed and detail detectability can be assessed. Raw data could also be manipulated first to represent lower dose images or images acquired with a different detector. One study showed a definitive effect of processing on detectability of clusters of microcalcifications [57] whereas another study investigating other types of processing could not detect a difference [9 •• ]. There were remarkably large differences as a function of dose and for a DR system versus simulated CR systems [9 •• ] . These preliminary results suggest that it would be worth testing many more system configurations. A lot of research opportunities remain with complete system testing of emerging technology and in particularly also with the set-up of comparative tests between more established techniques and the new developments.
Conclusion
Risks and benefits of breast cancer screening programmes have been studied in much detail. The mean glandular dose is the quantity being used in these studies to express the risks. With emerging new technologies, that are candidates for use in screening programmes, more justification efforts will be needed. It is important to go beyond ratios such as 'detected cancers to cancers induced', as the advantages of new technologies may optimize other factors that ultimately lead to a larger mortality reduction. 
